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Abstract 

Highly polarized cells such as photoreceptors require precise and efficient strategies for establishing and maintaining the 
proper subcellular distribution of proteins. The signals and molecular machinery that regulate trafficking and sorting of 
synaptic proteins within cone inner segments is mostly unknown. In this study, we show that the polyphosphoinositide 
phosphatase Synaptojanin 1 (SynJl) is critical for this process. We used transgenic markers for trafficking pathways, electron 
microscopy, and immunocytochemistry to characterize trafficking defects in cones of the zebrafish mutant, nrc"''', which is 
deficient in phosphoinositide phosphatase, SynJl . The outer segments and connecting cilia of nrc"'"' cone photoreceptors 
are normal, but RibeyeB and VAI\/lP2/synaptobrevin, which normally localize to the synapse, accumulate in the ncc"'"' inner 
segment. The structure of the Endoplasmic Reticulum in nrc°''' mutant cones is normal. Golgi develop normally, but later 
become disordered. Large vesicular structures accumulate within nrc"'"' cone photoreceptor inner segments, particularly 
after prolonged incubation in darkness. Cone inner segments of nrc mutants also have enlarged acidic vesicles, abnormal 
late endosomes, and a disruption in autophagy. This last pathway also appears exacerbated by darkness. Taken altogether, 
these findings show that SynJl is required in cones for normal endolysosomal trafficking of synaptic proteins. 
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Introduction 

Photoreceptors are highly speciahzed, polarized, light-sensitive 
cells in the retina. The apical end of the cell, the outer segment 
(OS), consists of stacked discs of membranes, which are the site of 
phototransduction. At the opposite end of the cell is the synaptic 
terminal, which is the site of neurotransmitter release. The inner 
segment (IS) of the cell is located between the OS and cell nucleus, 
and contains the cellular machinery required for production of 
energy and cellular components [1,2]. Due to their highly 
polarized structure, photoreceptors must be able to properly sort 
and transport proteins made in the IS to opposite ends of the cell. 
The cell must also have mechanisms of removing damaged 
proteins that have reached their correct subcellular locations. In 
the case of OS proteins, damaged proteins are removed apicaUy 
when discs are shed [3]. Because altered OS trafficking often 
results ill photoreceptor degeneration, studies of protein trafficking 
in photoreceptors have focused mainly on trafficking of proteins 
from the Golgi in the IS to the OS [4,,5]. In contrast, little is known 
about the mechanisms used to sort and traffic proteins to the 
photoreceptor synapse, as well as the recycling and degradation of 
these proteins. 



The zebrafish visual mutant no optokinetic response c (nrc" ) was 
identified in a mutagenesis screen [6]. The synaptic terminals of 
nrc" cone photoreceptors have a flattened morphology, decreased 
number of synaptic vesicles, and unanchored synaptic ribbons [6- 
9]. The causative mutation was determined to be in the gene 
synJl, resulting in the loss of Synaptojanin 1 (SynJl) protein [8]. 
SynJl is a polyphosphoinositide phosphatase with an established 
role in synaptic vesicle recycling. In conventional neurons, SynJ 1 is 
concentrated at presynaptic terminals, where it is involved in the 
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and 
the uncoating of clathrin-coated vesicles [10]. Interestingly, there 
is not an accumulation of clathrin coated vesicles in nrc" cone 
photoreceptor terminals, suggesting a unique role for SynJl at 
ribbon synapses [6,8]. SynJl is also present in the cell body and 
dendrites of neurons [11,12]. While SynJl has been found to play 
a role in regulating endocytosis of AMPA receptors postsynapti- 
cally in dendrites [13], its function in the cell body of neurons has 
been less well studied. A recent study found that abnormal 
endosomal structures accumulate in the cell bodies of neurons 
from mice overexpressing SynJl, suggesting that the functional 
role of Syrjl is not exclusive to synaptic terminals [14]. 
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We have previously shown that Synjl protein is present in the 
IS of cone photoreceptors in both adult and larval wild type (WT) 
zebrafish. This previous study also demonstrated that the synaptic 
protein VAMP2 localizes to the IS of nrc"''^, but not WT, cone 
photoreceptors [9]. Together, these initial results suggested that 
SynJl also has important functions in the IS of zebrafish cone 
photoreceptors. In this study, we characterized the IS and 
trafficking defects associated with the loss of SynJl. We report 
that the OSs and connecting cUia oinrc" cone photoreceptors are 
morphologically normal. In contrast, select synaptic proteins and 
large vesicular structures accumulate in ISs. To dissect the cause of 
this accumulation, we analyzed markers for biosynthetic and 
degradative trafficking pathways. Whereas trafficking pathways for 
newly-synthesized proteins were not severely affected, there was an 
aberrant distribution and accumulation of acidic vesicles, late 
endosomes, and autophagosomes. Our findings show a segregation 
of apical and basal trafficking pathways in cones, and uncover the 
important role of SynJl in trafficking of synaptic proteins that 
depend on endolysosomal trafficking pathways. Together these 
results support the hypothesis that SynJl is required for proper 
membrane and protein trafficking at both the synapse and IS. 

Results 

Loss of SynJl does not Affect Cone Photoreceptor 
Connecting Cilia or Outer Segments 

Defects in trafficking of proteins to the OS results in 
morphologically abnormal OSs and often leads to photoreceptor 
degeneration [15,16]. To identify possible apical trafficking defects 
in nrc'''' mutants, we performed transmission electron microscopy 
(TEM) on nrc" mutant larvae and their WT siblings at 5 days 
postfertUization (5 dpf), and examined the morphology of the 
apical ends of their cone photoreceptors. At this age, WT larvae 
have robust visual responses that can be measured by optokinetic 
response (OKR) assays and electroretinogram recordings [17-19], 
and nrc"''' behavioural and synaptic phenotypes are apparent [6- 
9]. TEM images demonstrated that the OSs of nrc"''' cone 
photoreceptors appeared indistinguishable from their WT siblings. 
The OSs of both WT and nrc" cone photoreceptors consist of 
characteristic, neatly-stacked membranes (Figure lA, B). The OSs 
of nrc" cone photoreceptors also showed no differences in length 
compared to WT cone OSs (Figure IG; n = 100 cells from 4 larvae 
for both WT and nrc" ). These data suggest that protein transport 
to the OS proceeds normally in the absence of SynJl. 

As further verification of normal apical transport, we examined 
the structure of the connecting cUia (CC), a microtubule-based 
structure that connects the inner and outer segments. OS proteins 
are synthesized in the IS and transported through the CC [4]. We 
examined the CC using immuiiohistochemical staining against two 
components, acetylated tubulin [20] and IFT88 [21]. Acetylated 
tubulin is a structural component of the CC, while IFT88 is a 
component of the intraffageUar transport complex and is required 
for the formation and maintenance of OSs. Confocal images of 
either marker showed the presence of CC within both WT and 
wrc"^'' photoreceptors (Figure IC-F). No difference was detected in 
the number of CC structures in WT and nrc"'^ cone photorecep- 
tors with either acetylated tubulin or IFT88 (Figure II, J; n = 264— 
502 cells from 4—5 larvae). Because acetylated tubulin is found 
along the entire length of the CC, staining with this marker also 
allowed us to determine the length of CC in WT and nrc" cone 
photoreceptors. We observed no difference in length of CC 
structures in WT and nrc"" cone photoreceptors (Figxire IE, F, H; 
n= 176-214 CC from 4-5 larvae). These results demonstrate that 
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Figure 1. nref" cone photoreceptors have normal outer 
segments and connecting cilia. (A-B) TEM images of 5 dpf WT (A) 

and nrc"'"' (B) cone photoreceptor OSs. There was no difference in OS 
appearance or length (G) between nrc"'"' and WT cone photoreceptors 
at 5 dpf (p = 0.7). (C-F) Confocal images of 5 dpf zebrafish larval retinas 
immunostained using antibodies against the CC proteins acetylated 
tubulin (C, D) or IFT88 (E, F). The number (I) and length (H) of acetylated 
tubulin stained CC was not significantly different between WT and 
nrc"'"" photoreceptors (p = 0.9 and 0.4 respectively). There was no 
significant difference (p = 0.7) in the number of IFT88 stained cilia 
between WT and nrc"'"' (J). Antibody staining is shown in yellow; nuclei 
were stained with Sytox Green (D, E) or Hoechst (G, H) and are shown in 
blue. Syn = photoreceptor synapses, IS = inner segment. Scale 
bar=1 |im in A and B and 2 |jm in C-F. Graphs show mean values, 
error bars are STDEV for multiple larvae. 
doi:10.1371/journal.pone.0084394.g001 
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Synjl is not required for proper trafficking of proteins to tlie CC 
or the OSs of cone photoreceptors. 

Loss of SynJI Results in Mislocalized Synaptic Proteins in 
Cone Photoreceptors 

Our previous studies focused on characterizing synaptic 
terminals of nrc"''' cone photoreceptors [6-9]. We previously 
generated the transgenic fish strain Tg(TaCP:spH), which expresses 
synaptopHluorin (spH) specifically in cone photoreceptors using 
the transducin alpha cone (TotCP) promoter [22] . SpH is a fusion 
of a pH-sensitive GFP and the synaptic vesicle SNARE protein 
VAMP2/synaptobrevin [23]. In WT larvae, spH locahzed to 
synaptic vesicles in cone synaptic terminals, whereas in nrc"'''' 
mutants, spH accumulated in the ISs and synaptic terminals ([9]; 
Figure 2B, E). To determine whether other synaptic proteins are 
mislocalized in nrc" photoreceptors, we examined the distribution 
of two other proteins, RibeyeB and Synaptophysin. RibeyeB is an 
active zone protein and a component of the synaptic ribbon in 
zebrafish cone photoreceptors [24] . The distribution of endoge- 
nous RibeyeB was investigated by immvmolabeling of retinal slices 
of 5 dpf TgfTccCRspH) larvae (Figure 2A, C, D, F). In WT retinas, 
RibeyeB was localized to photoreceptor synapses, consistent with 
previous reports ([24]; Figure 2A). In contrast, RibeyeB staining 
was visible at both the synapses as well as the ISs of nrc"^'' cone 
photoreceptors (Figure 2D, F). Further, the mislocalized RibeyeB 
detected in nrc" ISs was coincident with the mislocalized spH 
(Figure 2F). This mislocalization of endogenous RibeyeB was not 
due to overexpression of spH, as identical RibeyeB staining 
patterns were observed in both non-transgenic WT and nrc"''' cone 
photoreceptors (Figure SI). 

Synaptophysin is a synaptic vesicle glycoprotein commonly used 
as a presynaptic marker [12,25]. To examine the distribution of 
Synaptophysin, we generated the transgenic fish line Tg(TaCP:Sjp- 
CFP), which expresses CFP- tagged zebrafish Synaptophysin in 
cone photoreceptors. At 5 dpf, Synaptophysin-CFP was observed 
primarily at the synapse, but also in small amounts in the ISs of 



both WT and nrc" cone photoreceptors. There was no apparent 
difiFerence in its distribution between nrc" and WT cone 
photoreceptors (Figure 2G, H). The detection of Synaptophysin 
at both the synapse and the IS of WT photoreceptors is consistent 
with previous findings [26]. This result indicates that not all 
synaptic proteins are mislocalized in nrc"'"' cone photoreceptors, 
and suggests that there may be multiple pathways for trafficking 
synaptic proteins in cone photoreceptors, only some of which 
require SynJl. 

Large Vesicular Structures Accumulate in nrc"''' Inner 
Segments 

The presence of SynJ 1 protein in the IS of WT cones and the 
presence of ectopic synaptic proteins in the IS of nrc" cones 
suggest that SynJl plays a functional role at the IS of cone 
photoreceptors. Therefore, we analyzed the morphology of the 
nrc"'"* cone IS in 5 dpf larvae in more detail using TEM. We made 
the surprising finding that the IS of nrc" cone photoreceptors 
contained large vesicular structures that were not often observed in 
WT cone photoreceptors (Figure 3). These structures were present 
in approximately 80% of nrc"'^ cone photoreceptors and were 
variable in size, ranging from ~125 to 900 nm in diameter 
(n = 547 cells from 4 nrc" larvae). While many of these structures 
were devoid of electron density, a few contained electron-dense 
material (Figure 3E, arrowheads). 

Photoreceptors are depolarized in the dark and release 
glutamate from their synaptic terminals. Both vesicle trafficking 
to the synapse and recycling of synaptic vesicles would be expected 
to increase in the dark. Although nrc"''' photoreceptors show 
altered synaptic activity, they respond to light [7]. Therefore, we 
hypothesized that nrc"'* photoreceptors should similarly modulate 
trafficking of synaptic proteins between the IS and the synaptic 
terminal in response to changing light conditions. Furthermore, 
previous work on zebrafish hair cells lacking SynJ 1 has shown that 
the abnormal, blebbed synaptic morphology of these sensory 
neurons is dependent upon synaptic activity [27]. To investigate 
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Figure 2. Some synaptic proteins are mislocalized in nrcf' cone photoreceptors. Tg(T7.CP:spH) WT and nrc"'"* 5 dpf retinal slices were 
stained with an antibody against the ribbon synapse protein RibeyeB (A-F). In WT photoreceptors, RibeyeB was found only at synaptic terminals (A). 
In nrc"''' cone photoreceptors, RibeyeB (D, arrowhead) and VAMP2 (E, arrowhead) were detected in both synaptic terminals and ISs. Mislocalized 
signals for RibeyeB (magenta) and VAIVIP2 (green) were coincident in the ISs of nrc"''' cone photoreceptors (F, arrowhead). In contrast, the synaptic 
vesicle protein Synaptophysin (Syp-CFP) had a primarily synaptic distribution in both WT (G) and nrc"''' (H) cone photoreceptors. Live confocal images 
were taken of 5 dpf Tg(T7.CP:Syp-CFP) WT and nrc"''' larvae. Syn = photoreceptor synapses, IS = inner segment. Scale bar = 2 )im. 
doi:1 0.1 371/journal.pone.0084394.g002 
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Figure 3. Large vesicular structures accumulate in nrcf' photoreceptor inner segments. TEM images of cone photoreceptors in WT (A, B) 
and nrc"''' (C-E) 5 dpf retinas. Large vesicular structures were visible in approximately 80% of nrc"" cone photoreceptor ISs. Some vesicular 
structures contained electron dense material (arrow heads, E). Boxes in A and C show areas enlarged in B and D respectively. Box in D shows area 
enlarged in E. OS = outer segment, N = nuclei. Scale bar = 2 \im in A-D, 1 |im in E. 
doi:1 0.1 371/journal.pone.0084394.g003 



whether the IS phenotype of cone photoreceptors lacking Synjl 
was similarly dependent on synaptic activity, we incubated 4 dpf 
WT and mc"'^ larvae in the dark for 24 hours prior to fixation for 
TEM. As a control, light-adapted WT and nrc"'^ sibling larvae 
were kept on a 14/10 hr light/dark cycle for the same 24 hr 
period. 

In light-adapted (LA) WT retinas, the majority (80+/ -2%) of 
cone photoreceptors contain "normal" ISs lacking large vesicular 
structures (Figure 4A and E; n = 504 cells from 5 larvae in 3 
independent trials). In contrast, the majority (77-1-/ — 3%) of LA 
nrc"'^ photoreceptors were "vesiculated" and contained at least 3 
large (>125nm) vesicular structures (Figure 4B, arrowhead; 
n = 406 cells from 5 larvae in 3 independent trials). We found 
that 24 hours of darkness caused a slight, but not significant, 
increase in the number of WT cells with at least 3 vesicular 
structures in the IS (Figure 4E, ~20% to ~24%; n = 508 cells 
from 5 larvae in 3 independent trials; p = 0.2). In contrast, the 
effect of dark incubation on nrc"'* ISs produced a dramatic 
phenotype change (Figure 4D, white arrow). While the total 
percentage of tin" cones containing vesicular structure's \vas not 
affected by dark adaptation, 6+/ — 3% of cells with aberrant 
vesictjlar structures in the IS showed large increases in vesicle 
number with a concomitant decrease in vesicle size (Figure 4E; 
n = 411 cells from 5 larvae in 3 independent trials). These 
"severely vesiculated" cells had over 20 vesicles in the IS per cell 
and was never observed in WT LA or dark-adapted (DA) larval 
retinas and was rarely seen in LA nrc"'* ISs (p = 0.077 for LA vs. 
DA nrc"'*). These restilts suggest that SynJl is involved in 
trafficking pathways that are modulated during dark adaptation 
in cone photoreceptors. 



nrc"''' Cone Photoreceptor Inner Segments have Normal 
Endoplasmic Reticulum but Acquire a Disordered Golgi 
Apparatus 

Our experiments demonstrated that the trafficking pathway(s) 
affected in nrc" ' mutant cone photoreceptors involve the 
trafficking of synaptic proteins and can be modulated by changes 
in photoreceptor activity in the dark. The accumulation of 
synaptic proteins and vesicles in the IS cotild be due to either 
defects in trafficking of newly-synthesized proteins to the synapse, 
or in the recycling and/or degradation of these proteins. To dissect 
the trafficking pathways affected in the nn" cone; photoreceptors, 
we created constructs to express fluorescent markers targeted to 
various subcellular organelles. We first investigated the Endoplas- 
mic Reticulum (ER) and the Golgi apparatus, which are both 
involved in the trafficking of newly-synthesized proteins. In 
addition, we. examined tlu; morpholog)' of tlu- Golgi apparatus 
at various developmental time points. We reasoned that a primary 
defect in trafficking newly synthesized proteins would result in 
Golgi disruption during photoreceptor cell differentiation, but 
prior to onset the of photoreceptor activity. However, if the 
primary defect is in pathways involved in protein recycling or 
degradation, we would see no disruption of the Golgi, or that 
Golgi disruption would occur as a secondary defect after the onset 
of photoreceptor synaptic activity. 

To visualize the ER in cone photoreceptors, we used the ER- 
targeting sequence from the protein calreticulin [28] to generate a 
transgenic fish line expressing ER-targeted GFP specifically in 
cone photoreceptors [Tg(Ta.CP:ER-GFP]). To visualize the mor- 
phology of the Golgi apparatus in cone photoreceptors, we 
generated the transgenic fish line Tg(crx:Man2a-GFP) which 
expresses GFP targeted to the medial Golgi. The crx promoter 
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Figure 4. Dark adaptation increases the number of vesicular 
structures in nrcf' pliotoreceptor inner segments. TEM images 
of cone pinotoreceptors in light (A, B) or dark-adapted (C, D) WT and 
nrc"'"' retinas. At 4 dpf, larvae were phenotyped by OKR and placed at 
28°C either on a normal light/dark cycle, or in complete darkness. 24 
hours later, at 5 dpf, larvae were fixed for TEM. Dark adaptation 
exaggerated the vesicular structure phenotype in nrc"'"' cone photo- 
receptor inner segments (B vs. D). Cells were scored as "normal", 
"vesiculated" or "severely vesiculated" and the quantification is shown 
in E. Cells with at least 3 vesicular structures >125 nm were scored as 
"vesiculated" and examples are shown by arrow heads in B and D, cells 
that contained at least 20 vesicular structures were scored as "severely 
vesiculated" and an example is shown by an arrow in D. OS = outer 
segment, N = nuclei. Scale bar = 2 )im in A-D. Graph shows mean, error 
bars are STDEV for three independent light/dark experiments. In total at 
least 400-500 cells from 5 larvae were counted per light condition and 
genotype. 

doi:1 0.1 371 /journal.pone.0084394.g004 

drives expression of the Golgi marker GFP in cones, rods, and 
bipolar cells at earlier time points in photoreceptor development 
than the TaCP promoter [29]. We confirmed that the marker 
Man2a-GFP resides in the Golgi by treating 3 dpf Tg(crx:Man2a- 
GFP) zebrafish larvae with Brefeldin A (BFA). BFA disrupts ER-to- 
Golgi trafTicking and Golgi morphology, resulting in the redistri- 
bution of Golgi resident proteins to the ER [30]. After BFA 
incubation, the Man2a-GFP signal dispersed to both the ER and 
fragmented structures distributed throughout the cell (Figure S2). 



This observation indicates that the Man2a-GFP fusion protein 
mimics the behavior of endogenous medial Golgi proteins. 

Confocal microscopy of retinal slices from 5 dpf larvae 
demonstrated no gross differences in ER morphology between 
WT and nrc"''' cone photoreceptors (Figure 5A, B), suggesting that 
the membranes observed in the TEM images (Figures 3 and 4) 
were not dilated or disordered ER. Next, we examined WT and 
nrc"''' retinas from Tg(crx:Man2a-GFP) larvae using confocal 
microscopy to evaluate Golgi morphology between 3 dpf and 
b dpf (Figure 5C-H). WT photoreceptors contained rounded or 
elongated Golgi structures which were located in an ordered 
manner in the IS on top of the cell nuclei at every time point 
investigated (Figure 5C, E, G). At 3 dpf, Golgi structures in nrc"'* 
photoreceptors also appeared as rounded structures located at the 
apical side of the nucleus (Figure 5D). At 4 dpf a few disordered 
Golgi became visible in nrc"'* photoreceptors (Figure 5F, arrow- 
head). By 5 dpf the Golgi appear disordered and fragmented in 
nrc"'* cone photoreceptors (Figure 5H, arrowheads). We also 
examined the fish line Tg(ToiCP:Man2a-GFP) (data not shown) 
which expresses the Golgi marker in only cone photoreceptors and 
observed similar disordered Golgi structures. Therefore we can 
conclude that the disordered structures we see are present within 
cone photoreceptors. These data suggest that Synjl is not required 
for the development of the Golgi apparatus in nrc"'* cone 
photoreceptors, but is required for the maintenance of Golgi 
structures after 3 dpf 

We had initially hypothesized that the vesicular structures 
observed in TEM images of nrc"'* photoreceptors could be 
disordered Golgi membranes. However, our confocal data 
(Figure 5) suggested that the vesicular structures observed in the 
TEM images were not derived solely from medial Golgi 
membranes. The vesicular structures in the TEM images occupied 
a significant portion of the cone photoreceptor IS. In contrast, the 
Man2a-GFP-positive structures observed with confocal microsco- 
py did not appear to occupy the same volume of the IS as the 
vesicular structures (compare Figures 3 & 4 with Figure 5), 
suggesting that these membranes may be derived from other 
disrupted trafKckiiig pathways. 

nrc"''' Cone Photoreceptors have Abnormal Late 
Endosomes and an Increase in Autophagosomes 

Photoreceptors depend on high membrane and protein 
turnover for their survival and thus defects in the late endosomal 
degradative pathway would likely cause severe membrane 
trafficking abnormalities. Furthermore, this pathway is tighdy 
regulated by phosphoinositides [31]. To analyze the endolysoso- 
mal system, we used LysoTracker Red and followed two major 
molecules in the degradative pathway, Rab7 and LC3. Lyso- 
Tracker Red accumulates in acidic organelles and has been used 
to label lysosomes in live zebrafish larvae [32]. Rab7 is a GTPase 
involved in late endosomal trafficking [33], lysosome biogenesis 
[34], maturation of late autophagic vacuoles [35] and is commonly 
used as a marker of the late endolysosomal pathway [36]. EC 3 is a 
protein involved in the formation of autophagosome membranes. 
Changes in the presence of LC3-positive puncta are indicative of 
alterations in autophagy [37]. To investigate whether late 
endosomal trafficking pathways are disrupted in nrc"' *cone 
photoreceptors we generated transgenic fish lines that target 
GFP to late endosomes {Tg(Ta.CP:GFP-Rab7)) or autophagosomes 
( Tg(Ta CP:GFP-LC3)) . 

Lysotracker Red staining in WT photoreceptors was observed 
primarily in synaptic vesicles at the synapse, but also in small 
punctate structures in the IS (Figure 6A). In contrast, the majority 
of the Lysotracker Red accumulated in larger, globular structures 
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Figure 5. SynJ1 is required for Goigi maintenance but not 
development. The transgenic fish line Tg(T3.CP:ER-GFP) was used to 
mark the ER. Retinal slices from 5 dpf WT (A) and nrc"'" (B) larvae 
showed that the overall ER morphology was unaltered in the absence of 
SynJI. Confocal images of Tg(crx:Man2a-GFP) WT (C, E, G) or nrc"'" (D, F, 
H) larvae retina at 3-5 dpf showed that the Golgi is normal during 
photoreceptor development, but develops abnormalities disordered 
after cones become functional. No apparent abnormalities were seen in 
Golgi morphology of nrc"''' compared to WT photoreceptors at 3 dpf 
(compare C and D). At 4 dpf, some mild morphology changes appeared 
in nrc'"'' Golgi (F, arrowhead). At 5 dpf, fragmented Golgi were visible in 
nrc"'"' photoreceptors (H, arrowheads). IVIan2a-GFP signal is shown in 
yellow, membranes of 3 dpf larvae were stained with BODIPY-TR and 
are shown in blue, and nuclei were stained with Hoechst and are shown 
in blue for 4 dpf and 5 dpf images. Syn = photoreceptor synapses, 
IS = inner segment. Scale bar = 2 [im in all images. 
doi:1 0.1 371 /journal.pone.0084394.g005 



in the IS of nrc" photoreceptors (Figure 6B, arrowhead) with very 
little staining at the synapse. The lack of staining at nrc" 
photoreceptor synapses is consistent with our previous findings of 
synaptic vesicle defects in nrc"''' cone photoreceptors [6]. 
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Figure 6. Loss of SynJI disrupts endolysosomal structures. 

Confocal images of larvae incubated with Lysotracker Red and the 
transgenic fish lines Tg(ToiCP:GFP-Rab7) and Tg(TxCP:GFP-LC3) mark the 
endolysosomal system. 5 dpf larvae were incubated in Lysotracker and 
imaged live. In WT retinas (A), Lysotracker Red accumulated primarily in 
the synapse and in small punctate structures in the IS of cone 
photoreceptors. In nrc"''' cone photoreceptors (B), Lysotracker Red 
accumulated primarily in larger, abnormal structures in the IS. Retinal 
slices from WT (C) and nrc"'"' (D) larvae show that abnormal Rab7- 
positive structures including large perinuclear structures (arrowheads), 
and doughnut shaped structures (arrows) accumulated in the IS and 
synapse in the absence of SynJI. The lack of SynJI also caused an 
increase in the number of LC3-GFP-positive structures, indicating a 
disruption in autophagy in nrc"'"' cones (F). The number of LC3 puncta 
is increased in both the IS and synapse of nrc"''' cones (G). 
Syn = photoreceptor synapses, IS = inner segment. Scale bar = 2 [xm in 
all images. Graph shows average LC3 puncta in the IS, synapse or entire 
cell (Total) per cell, error bars are STDEV for 11 WT larvae and 12 nrc""' 
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larvae. The number of LC3 puncta per cell for each subcellular 
compartment or the entire cell was significantly different between 
WT and nrc"'" larvae (p-value<0.001, donated by ***). 
doi:1 0.1 371 /journal.pone.0084394.g006 

In WT cone photoreceptors, Rab7 positive structures appeared 
punctate and localized primarily to the IS (Figure 6C). In contrast, 
we found that nrc"''' cone photoreceptors contained abnormal 
Rab7-positive structures (Figure 6D). While some of the Rab7 
structures in nu"''' cone photoreceptors appeared punctate and 
similar in appearance to those in WT cells, the majority of the cells 
had large perinuclear and/or doughnut shaped structures 
(Figure 6D, arrowheads and arrow respectively) that were not 
observed in WT cone photoreceptors. There was also an overall 
increase in the number of Rab7 structures in nrc"^'* cone 
photoreceptors compared to WT (Figure 6C, D). 

Upon induction of autophagosome formation, the distribution 
of LC3 changes from diffusely cytosolic to punctate as it becomes 
concentrated in autophagosome membranes. The GFP-LC3 
signal in cone photoreceptors from WT larvae was primarily 
cytosolic. Few GFP-LC3 puncta were observed in WT cells, with 
the majority of the GFP-LC3 puncta located in the IS (Figure 6E, 
G; average of 1.3+/ — 0.4 puncta/ceU; median of 1 puncta/ceU; 
n = 823 cells from 11 larvae). In contrast, nrc"''' cone photorecep- 
tors contained many more GFP-LC3 puncta. In addition, the 
GFP-LC3 puncta in nrc"^* cone photoreceptors were more broadly 
distributed throughout the IS and at the synapse (Figure 6F, G; 
average of 5.5+/ — 2.2 puncta/ceU; median of 4 puncta/ceU; 
n= 1055 cells form 12 larvae; p = 0.000001). An increase in 
GFP-LC3 puncta could be indicative of an increase of autophago- 
some formation, or a decrease in autophagosome clearance. 

Together, the abnormalities detected in nrc" cones using all 
three markers of the endolysosomal/ autophagy pathway indicate 
that the loss of Syiijl significantiy disrupts this important 
trafficking pathway in cone photoreceptors. 

In order to correlate the vesicular structures observed in our 
TEM images with the autophagic trafficking pathway, we repeated 
our light/dark experiments using our Tg(Ta.CP:GFP-LC3) fish line. 
An accumulation of GFP-LC3-positive puncta after dark incuba- 
tion oinrc"''' larvae similar to the accumulation of vesicles seen in 
the "severely vesiculated" photoreceptors in Figure 4 would 
provide strong evidence that the vesicular structures observed in 
TEM images of nrc"'^ photoreceptors are in the autophagic 
trafficking pathway. WT and nrc"'* sibling larvae were incubated 
in complete darkness, or left on a normal light/dark cycle as 
described above for 24 hours prior to fixation and quantification 
of GFP-LC3 puncta. We found that dark incubation did not 
significantly increase the average number of GFP-LC3 puncta in 
either WT or nrc"'* cone photoreceptors (Figure 7E, n = 2 
independent light/dark trials, 3-5 larvae per condition, 60-100 
cells per larvae). However, we observed that dark incubation 
changed the morphology of GFP-LC3 puncta in nrc"'* cone 
photoreceptors (Figure 7C, D). While Ught-adapted nrc"'* larvae 
contained numerous small GFP-LC3 puncta, dark adapted nrc"'* 
cone photoreceptors contained larger, more intense puncta and 
less diffuse GFP-LC3 in the cytoplasm (Figure 7D, arrowhead). At 
the level of confocal resolution, it is unclear whether these larger 
puncta are due to an increase in size of autophagosomes or large 
aggregates of puncta that cannot be distinguished from one 
another. These light/dark experimental results together indicate 
that increasing synaptic activity with dark adaptation alters both 
the appearance of vesicular structures in the TEM images 
(Figure 4) as well as the morphology of GFP-LG3 puncta in nrc"'* 
cone photoreceptors (Figure 7), 



TaCP:GFP-LC3 



WT 



A 


B 

• 

« 




D 

• 

- y ' . 

■ *. . 

A 





IS 



Syn 



IS 



Syn 



E 

10 



^ 6- 



"3 



■ IS 

■Synapse 

□Total 



Light 



Dark 



Light 



Dark 



WT 



nrc° 



Figure 7. Dark adaptation affects autophagosomes in nrcf' 
cone photoreceptors. Confocal images of cone photoreceptors in 
light (A, B) or dark-adapted (C, D) WT and nz-c"'" Tg(T-jiCP:GFP-LC3) 
retinas. At 4 dpf, larvae were phenotyped by OKR and placed at 28 C 
either on a normal light/dark cycle, or in complete darkness. 24 hours 
later, at 5 dpf, larvae were fixed and retinal slices were generated. After 
dark incubation, the GFP-LC3 positive puncta in n/'c"''' cone photore- 
ceptors appeared enlarged (D, arrowhead). Dark incubation did not 
significantly affect the number of GFP-LC3 puncta in WT or nrc"^'' cone 
photoreceptors (E). Syn = photoreceptor synapses, IS = inner segment. 
Scale bar = 2 [im in all images. Graph shows average LC3 puncta in the 
IS, synapse or entire cell (Total) per cell, error bars are STDEV, from two 
independent light/dark experiments. For each experiment, 3-5 larvae 
were used per condition, and 60-150 cells were analyzed per larvae. 
doi:10.1371/journal.pone.0084394.g007 



Discussion 

Proteins synthesized in the IS of cone photoreceptors are sorted 
and transported apicaUy toward the OS or basally toward the 
synapse. Dysfunctional folding, sorting, or trafficking of OS and 
ciliary proteins are frequently the cause of photoreceptor 
degeneration (for example [38]). In addition, OS membranes 
and proteins are continually shed and must be replaced, resulting 
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in this compartment having a very high demand for protein 
trafficking. As a consequence, the mechanisms involved in apical 
transport have been the focus of much more attention than those 
involved in synaptic protein transport in photoreceptors. 

In this study, we identified a novel role for Synjl in the IS of 
cone photoreceptors. We characterized IS trafficking defects in the 
wrc"'* zebrafish mutant, which lacks SynJl. Loss of SynJl caused 
an apparent defect in trafficking of the synaptic proteins VAMP2 
and RibeyeB, but no defect in apical trafficking of OS or CC 
proteins. We extended this analysis and determined that late 
endolysosomal trafficking pathways are disrupted in mr"'^ mutant 
cones. These data suggest that SynJl does not play a role in 
general protein trafficking, but rather a specific role in sorting or 
transporting synaptic proteins that rely on the endolysosomal and 
autophagic systems. 

SynJ 1 is a polyphosphoinositide phosphatase with an established 
role in synaptic vesicle recycling in conventional neurons. The 
SynJl protein is highly conserved, and consists of two phosphatase 
domains, a 5'Ptase and a Sacl domain, and a prohne rich C- 
terminal region involved in protein-protein interactions [11]. 
Mouse synJl knockouts show significantly elevated levels of 
PI(4,,'i)P2 [10]; however, with its dual phosphatase activity, SynJl 
can potentially act on many different phosphatidylinositol (PI) 
substrates. Synaptojanin-Uke proteins in yeast have been found to 
be involved in multiple trafficking processes such as endocytosis 
and trans-Golgi sorting [39^1]. However, in vertebrate neurons 
the role of SynJl in trafficking events other than clathrin-mediated 
endocytosis is less clear. In a recent study, the overexpression of 
SynJl in a transgenic mouse line resulted in the accumulation of 
enlarged early endosomes in neurons [14]. In addition, we have- 
previously shown that SynJl protein is present in both synaptic 
terminals and the ISs of cone photoreceptors, suggesting that it 
may also have additional functions in PI metabohsm at cellular 
sites other than the synapse [9]. 

In this study, using TEM imaging, we observed the accumu- 
lation of large vesicular structures in the IS of nrc"^'' cone 
photoreceptors at 5 dpf The vesicular structures in the TEM 
images are abundant, heterogeneous in size and appearance, and 
often fill the majority of IS betw(;en the nucleus and the 
mitochondria. In order to investigate tiu; trafficking mechanisms 
that resulted in this vesicle accumulation, we dark adapted WT 
and nrc"'* zebrafish larvae. We predicted that increasing synaptic 
vesicle transport, which is expected to occur in the dark due to 
increased glutamate release, would enhance appearance of 
accumulated vesicles. We found that dark adaptation results in 
an increase in the severity of vesicle accumulation in mr"^'' ISs 
(Figure 4). As photoreceptors transition between light and dark 
conditions, they undergo multiple cellular changes including 
protein translocation [42,43] and redistribution of energy [44]. 
The exacerbation of the nrc"'^ phenotype in the dark suggests that 
SynJl could play an important role in facilitating changes in 
vesicle trafficking required for photoreceptor function in the dark. 
Dark exposure should result in an increase of trafficking of 
synaptic proteins basaUy, as well as an increase in the recycling 
and/ or degradation of synaptic vesicle components. Disruption of 
either of these two trafficking pathways could result in an 
accumulation of vesicular structures in ISs. To discriminate 
between these two possibilities, we targeted GFP to subcellular 
organelles involved in either the biosynthetic or the degradative 
pathway. 

We found that SynJl is required for maintaining, but not 

establishing, the structure of the Golgi apparatus in cone 
photoreceptors. In the zebrafish larval retina, cone photoreceptors 
begin to develop around 2 dpf with their OSs and synaptic 



terminals becoming visible at approximately 2.5 dpf. Synaptic 
contacts between cone and bipolar cell terminals and the first 
electroretinogram responses become detectable at 3-3.5 dpf 
[6,45]. In the mc"'^ mutant, the Golgi apparatus in the 
photoreceptors appears to develop normally, but begins to become 
disordered at approximately 4 dpf; at this time point in 
development, WT photoreceptor synapses are functional. Release 
of neurotransmitter at the synaptic terminal requires a constant 
supply of newly synthesized synaptic proteins from the IS, as well 
as efficient recycling of these proteins. Dysfunction of either of 
these trafficking pathways would result in a buildup of synaptic 
proteins in the IS. The disordered Golgi in nrc"^'' photoreceptors 
would be predicted to cause a defect in trafficking newly 
synthesized synaptic proteins. Prior to reaching their destinations, 
many apical and basal proteins both pass through the trans Golgi 
[46]. However, the ability of nrc"'^ cone photoreceptors to 
maintain proper apical trafficking despite altered Golgi morphol- 
ogy suggests that the disruption of protein transport of newly 
synthesized proteins is not the primary defect. The developmen- 
tally late disruption of the Golgi suggests a secondary defect due to 
altered endolysosomal trafficking. The Golgi and endolysosomal 
system exchange proteins and lipids [47] and defects in 
endolysosomal trafficking caused by genetic diseases [48,49], or 
genetic or chemical manipulations [50] can cause alterations in 
Golgi morphology and function. 

All cell t)pes need to maintain protein quality and homeostasis 
by degrading damaged proteins. However, due to their high levels 
of memf)ranc' turno\Tr and long lift", neuronal cell types, including 
photoreceptors, are severely affected by impairments in endoly- 
sosomal trafficking and protein degradation [51-53]. Disruptions 
in endolysosomal and autophagic trafficking have been found in 
many neurodegenerative diseases including Parkinson's disease 
[54-57]. In addition, mutations in SynJl have recently been linked 
to a human familial early-onset Parkinsonism [58,59]. In our 
current study, we found that nrc"'^ cones have multipk- abnor- 
malities in the endolysosomal and autophagic systems. These cells 
contain enlarged acidic vesicles, aberrantiy shaped Rab7 positive 
late endosomes, and an increase in LC3 positive autophagic 
vesicles (Figure 6). These observations indicate that loss of SynJl in 
cones disrupts late endosomal and autophagic trafficking. In 
addition, upon dark incubation, LC3-positive puncta appeared 
larger in nrc'^^ mutant cones compared to puncta observed in the 
fight. Thus, changes in both the number and/ or shape of vesicles 
were observed in darkness by both TEM and when using an 
autophagy marker, which suggests that the vesicles observed in 
TEM may also be associated with the autophagic trafficking 
pathway. These findings are consistent with our observation of 
morphologically normal apical ends of nrc"^'' cones; OS disc 
shedding to remove damaged proteins and lipids does not rely on 
intracellular endolysosomal pathways. Further, while two synaptic 
proteins, VAMP2 and RibeyeB, mislocalize to the ISs of nrc" 
photoreceptors, a third synaptic protein, Synaptophysin, does not. 
Synaptophysin protein can be polyubiquitinated and degraded by 
the proteasome [60], and therefore this protein may be able to 
bypass defects in the endolysosomal system. 

Regulation of endosomal and autophagic trafficking is highly 
regulated by phosphoinositides, and disrupting the activit)' of 
phosphoinositide kinases and phosphatases can result in aberrant 
endosomal trafficking and enlarged endosomal structures 
[31,61,62]. The phosphoinositide PI(3,5)P2 is enriched on late 
endosome/lysosome membranes. Mice with genetic mutations 
affecting the phosphatases and kinases involved in regulation of 
PI(3,5)P2 have neurological defects, cells with large vacuoles, 
abnormal endolysosomal membranes [63-66], and defective 
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autophagy [67]. Similarly, PI3P is enriched on autophagosome 
membranes and deletion or mutation of PI3P modulating enzymes 
result in aberrant autophagy [68]. The yeast synaptojanin-like 
proteins INP52 and INP.53 can dephosphorylate both PI(3,5)P2 
and PI3P to PI [69] . The phosphatase domains of SynJ 1 are highly 
conserved from yeast to vertebrates; while the role of Synjl in 
regulating these phosphoinositide species has not been investigated 
in vivo, mouse and human SynJl constructs can act on PI(3)P 
in vitro [58,69,70]. Further work will need to be done to 
characterise the PI species affected in vivo by the nrc"^'' mutation. 

Materials and Methods 

Ethics Statement 

This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. The 
protocol, 3113-01, was approved by lACUC of the University of 
Washington. 

Cloning and Plasmids 

The medial Golgi marker, TaCP:zfMan2a-GFP, was obtained 
from Brian Link [71]. Tlu- synaptic \esiclc marker, CFP- 
^jnaptopfvfsin, was obtained from Martin Meyer [25]. The 
autophagosome marker, GFP-zfLCS was obtained from Dan 
Klionsky [32] and cloned into a pGR8/GW Gateway vector 
(Invitrogen). The ER marker ER-GFP was created by overhang 
PGR methods to add a C-terminal KDEL sequence, and N- 
terminal 17 amino acids (MTALSLLFMAVSVALIT) of zfcalre- 
ticulin to GFP (based on [28]) and cloned into a pCR8/GW 
Gateway vector (Invitrogen). zjPjahl was cloned from larval 
zebrafish cDNA using the primers 5'-ATTGGCTA- 
GATCTCGTGCTTT-3' and 5'-AGGCTGAGGGT- 
GAAATGTTG-3', and cloned into a 3'Entry Vector (Invitrogen) 
using the primers 5'-GGGGACAGCTTTCTTGTA- 
GAAAGTGGGTATGACATCAAGGAAGAAAGT-3' and 5'- 
GGGGACAACTTTGTATAATAAAGTTGGTGAGGAGCTA- 
GAGGTCTCTG-3'. Expression constructs were generated using 
the MultiSite Gateway System (Invitrogen) and the Tol2 kit [72]. 
Expression was driven by either the cone transducin alpha promoter 
(TccCPj [22] or the cone-rod homeobox promoter [crxj. To obtain the 
crx promoter, a 5 kb upstream fragment of crx was amplified from 
zebrafish genomic DNA by PGR using the following primers, 5'- 
GGGGAGAAGTTTGTATAGAAAAGTTGTGATG- 
GAAATGGCAAAAACATTC-3' and 5'- 

GGGGACTGCTTTTTTGTACAAACTTGGCGC- 
TACTCGGTGTCTTCAATAA-3'. The resultant PGR DNA 
fragment was subcloned into pDONR P4Plr by Gateway BP 
reaction [23]. 

Fish Husbandry and Generation of Transgenic Zebrafish 

Zebrafish were reared and maintained in th(- Uni\ (;rsity of 
Washington fish facility as previously described [73]. Embryos 
were maintained in embryo media (EM) [73] at 28°C on a 14/ 
1 0 hour light/ dark cycle prior to experimentation or rearing in the 
fish facility. Homozygous nrc"^^ mutants were identified by the 
OKR as [)rc\ iously described [74] or by genotyping. Genotyping 
was performed by amplifying the region of the .synJl gene 
containing the nrc"^'' mutation site form genomic DNA using the 
primers 5'-GAGGAGAACCATCGAGAACA-3' and 5'-GTCA- 
TACCGGTGAGGGCTAA-3'. The nrc"''' mutation disrupts a cut 
site recognition sequence of the restriction enzyme BssSI, allowing 
nrc"''' mutants to be identified. Since WT and nrc"''' heterozygotes 
appear indistinguishable in every phenotypic assay we have 



performed, we refer to all OKR-positive larvae as WT. The 
Tg(ToiCP:spW) fish line has been previously described [9]. We 
created other transgenic fish lines by injecting DNA expression 
constructs described above and mRNA encoding the tol2 
transposase simultaneously into zebrafish embryos at the one-cell 
stage. Once injected zebrafish reached sexual maturity, pair-wise 
crosses were performed to identify fish that could transmit the 
desired transgene [75]. Newly identified transgenic fish were 
assayed by OKR at 5 dpf to ensure that transgene expression did 
not affect visual responses. For dark adaptation, larvae were raised 
in the dark for 24 hrs starting at 4 dpf Light-adapted WT and 
nrc"'^ larvae were kept on a normal 14/10 hour light/dark cycle. 
The 24 hr incubations started in the afternoon. After 24 hrs (at 
5 dpf) dark-adapted larvae were fixed in the dark, light-adapted 
controls were fixed in the light, and then fixed larvae were 
processed for TEM or histology. 

Immunohlstochemlstry 

Retinal slices were prepared as previously described [76] . After 
blocking in 5% normal goat serum, 1% bovine serum albumin, 
and 0.3% TritonX-100 in PBS, slices were incubated with the 
following primary antibodies at 4°C overnight: 1:100 anti-RibeyeB 
(a gift fi-om Teresa Nicolson, [77]), 1:5000 anti-IFTBS (a gift from 
Brian Perkins, [21]), or 1:500 anti-acetylated tubulin (Sigma, 
T6793). Slices were incubated with secondary anti-rabbit Alexa- 
633 (Invitrogen, A21071) or anti-mouse Alexa 568 (Invitrogen, 
A11002) at 1:200 for 1 hour at room temperature. Nuclei were 
counter stained with 5 |J,M Sytox Green (Invitrogen) or 5 (XM 
Hoechst (Invitrogen). Slides were mounted with a covershp and 
Fluoromount-G (Southern Biotech). Imaging of retinal sections 
was performed on an Olympus FV300 or FVIOOO confocal 
microscope with a 60X oil immersion objective. 

Live Imaging 

Larvae were treated with 0.003% l-phenyl-2-thiourea (PTU) in 
EM at ~24 hours post fertilization (hpf) to prevent melanization 
[73]. For membrane counterstaining, 3 dpf lar\'ae were incubated 
in 25 [iM BODIPY-Texas Red (Imitrogen) for 1 hour, followed 
by three washes in EM with PTU prior to imaging. For Brefeldin 
A treatments, 3 dpf larvae were incubated with 2 nM Brefeldin A 
(Cell Signalling) in EM and PTU for 90 minutes prior to imaging. 
For Lysotracker Red staining, 5 dpf larvae were incubated in 
10 HM Lysotracker Red DND 99 (Invitrogen) in EM and PTU for 
2 hours, followed by three washes in EM and PTU prior to 
imaging. Larvae were anaesthetized in Tricaine (Sigma) and 
mounted in warm 0.5-1% low mount agarose. Embedded larvae 
were covered in EM containing PTU and Tricaine and imaged. 
For BFA treatments, 2 |J,M BFA was included in the EM during 
imaging. Imaging was done on an Olympus FVIOOO using a 40X 
or 60X water immersion objective. 

Transmission Electron Microscopy 

Transmission electron microscopy was performed at the UW 
Vision Core as previously described [45]. For quantification, the 
entire retina was imaged. 

Image Processing and Data Analysis 

Images were processed using NIH ImageJ and Adobe Photo- 
shop. Representative images in Figures are 2 \lm projections of 
confocal stacks, or single optical slices of TEM images. Images 
were randomized prior to analysis. ImageJ was used to measure 
CG and OS lengths and vesicles sizes from randomized images. 
For qualitative comparisons between WT and nrc^'* larvae, at least 
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6 larvae of each genotype were analyzed. For quantitative data, 
the number of larvae analyzed is included in the text and Figure 
legends. For light/dark experiments cells were scored as "vesic- 

ulated" if they contained at least three large (>125nm in 
diameter) vesicular structures in their ISs. If the number of 
vesicular structures exceeded 20, the cell was scored as "severely 
vesiculated". Microsoft Excel and R were used for statistical 
analysis. Unless otherwise indicated, bar graphs and values in text 
represent mean values +/— STDEV and p-values were calculated 
by the Mann-Whitney test. 

Supporting Information 

Figure SI RibeyeB is mislocalized in nrc"'* inner 
segments even in the absence of TaCP:spH. Anti-RibeyeB 

staining of non-transgenic WT and nrc"'^ 5 dpf retinas showed the 
same staining pattern as Tg(TixCP:spH) 5 dpf retinas in Figure 2. 
In WT photoreceptors, RibeyeB was found only at synaptic 
terminals (A). In nrc"'^ cone photoreceptors, the RibeyeB staining 
was visible in both the synaptic terminals and ISs (B). Anti- 
RibeyeB staining is shown in magenta and Hoechst stained nuclei 
are in blue. Syn = photoreceptor synapses, IS = inner segment. 
Scale bar = 2 |Im in all images. 
(TIF) 
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Figure S2 Man2a-GFP marks medial Golgi structures. 

We confirmed that our Golgi marker behaved in the same manner 
as endogenous Golgi proteins by treating 3 dpf Tg(crx:Man2a-GFP) 
zebrafish larvae with 2 (J-M Brefeldin A followed by live imaging. 
After a 4 hour incubation in BFA, the GFP signal was present in 
the ER and fragmented Golgi structures. 
(TIF) 
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